Abstract-Signal acquisition is the first operation stage of a GPS receiver that detects the presence of GPS signals and provides a coarse estimate of the code delay and Doppler frequency. GPS signal acquisition becomes a challenging problem when the signal is subject to attenuation and multipath fading. In practice, standard methods such as extending the integration time without any aiding information to increase processing gain are not always sufficient to acquire weak signals. This difficulty can be characterized by the probability of detection, false alarm and mean acquisition time. This paper exploits spatial antenna diversity to mitigate the multipath fading effect in the acquisition process. Equal gain combining of two independent antennas is considered in a standalone processing strategy. The performance is evaluated in terms of Receiver Operating Characteristic (ROC). The theoretical analysis is compared with Monte Carlo simulations and real GPS data results. Experimental results demonstrate the improvement of detection probability and enhanced immunity against false alarms in dense multipath environments.
I. INTRODUCTION
GPS is widely used for navigation, location, and timing. Acquisition and tracking of received signals are two main operation stages performed by receivers. Acquisition is a twodimensional search process in which the receiver decides the presence or the absence of the signal and provides a coarse estimate of its corresponding code phase and carrier Doppler frequency shift. Once these parameters are found, tracking can begin. However, in weak signal situations with high multipath fading and severe attenuation, acquisition and tracking are challenging. Hence, increasing the integration time is used to enhance the receiver sensitivity [12] . In [1] signals with carrier-to-noise ratio (C/N 0 ) of 27 dB-Hz have been acquired by combined coherent/differentially coherent combining. These methods are common in attenuated environments while they are not effective in multipath fading situations where the C/N 0 can suddenly drop below 15 dB-Hz. Acquiring the signal in these conditions is arduous and requires long processing time. Furthermore, integration time is also limited by clock drift, user and satellite motion and, in the absence of assistance data, by data bit transitions. Applying non-coherent integration to eliminate the bit transition effect degrades the post processing SNR (PSNR) compared to coherent integration [11] . In order to overcome fading, antenna diversity is extensively utilized in wireless communication [13] but it has not been thoroughly investigated in GNSS applications. This method provides additional processing gain because multiple receiver antennas are able to detect different signal components from independent fading channels. If one of the antennas fails to detect the signal, the other or combined channel still has a chance to acquire it. Three common combining methods are equal gain combining (EGC), selection combining and maximal ratio combining [14] . Although maximal ratio combining performs better than the others, it requires additional information about the SNR at each branch, which is not available before the acquisition. However, in indoor scenarios where beamforming cannot be efficiently utilized in GNSS applications, there is no significant difference between these methods [18] . In this work, the EGC method, which needs no a priori information about the incoming signals, is considered. Recent research addresses two main categories of antenna diversity namely spatial diversity and polarization antenna diversity in terms of detection performance [2, 3] . However, in both of these prior studies, the availability of navigation data bits and true acquisition parameters were assumed and detection performance was only assessed in the correct code-phase/carrier Doppler cell. However, since in the cold start acquisition signal could be in any cells of the search space, a search process is required. Typically, the acquisition process can be evaluated at either the cell level, which considers only the correct cell, or at the system level, where the complete acquisition process including the whole search space is examined [4, 6] . While the former was the foremost focus of previous work, it does not completely reflect the overall performance of the acquisition. This research assesses the whole acquisition process to find the overall detection probability and probability of false alarm using spatial antenna UPINLBS 2014, Corpus Christi, Texas, Nov 20-21, 2014 11 978-1-4799-6004-0/14/$31.00 ©2014 IEEE diversity in weak and faded signal situations. After a theoretical analysis, the results are verified by Monte Carlo simulations and more importantly they are compared with results obtained using real GPS L1 C/A data. Section II of the paper introduces acquisition systems and evaluation metrics. Section III describes the diversity system including Rayleigh fading channel and statistical analysis after equal gain combining. Experimental results are presented in section IV followed by discussion and conclusions in section V.
II. GNSS ACQUISITION
GNSS acquisition is a two dimensional search over a space consisting of cells corresponding to a range of code delays ( ) and Doppler frequencies ( d f ). The incoming signal is correlated with local replicas of the pseudorandom noise code generated over a range of Doppler frequencies and correlator output values are assigned to the corresponding cells. The signal is detected and its parameters ( , d f ) are estimated if the amplitude of the correlator output in the correct cell passes a detection threshold. The i th correlator output can be expressed as
where ( ) r n is the incoming signal, ( ) i c n is local code replica,
f is Doppler frequency and N is the number of samples which is directly proportional to the coherent integration time ( coh T ). Obviously, by increasing coh T more processing gain can be obtained; however the main obstacle is the navigation bit transition which can have a destructive effect on the processing gain. Note that since in general the navigation bit boundary is unknown and it could be in any part of the data samples, the destructive effect could happen during any coherent integration process (even for T coh =1 ms). Hence, choosing any coherent integration time is vulnerable to power loss due the navigation bit transition. In this paper, in order to eliminate the bit transition problem, the alternating half bits method is used [11] . This method is very similar to noncoherent combining but it does not accumulate all the squared correlator outputs as is normally done in non-coherent combining. Instead, these are divided into two groups, namely odd and even and the accumulation is applied to each of these groups separately. The group that has a higher value is considered as the Cross Ambiguity Function (CAF); in the presence of the signal the destructive effect of bit transition is removed. CAF, which can be used as the decision variable, is written as
where K is the number of non-coherent combining. Y could be either
S . Note that when data bit assistance is not available, coh T is usually limited to at most 10 ms to limit the chances of coherent integration across a data bit boundary. For instance, consider 20 ms data samples divided into two 10 ms sections; since the maximum number of navigation bit transition during every 20 ms is one, at least one of the 10 ms parts is free of bit transition. As a result, this part (10 ms) is almost immune to the destructive effect of bit transition and the coherent integration time can be easily increased up to 10 ms in this part of data. Due to the higher processing gain achieved from the coherent integration, the corresponding CAF has higher power than the other part and is selected as the decision variable (Y). This approach is adopted in this work.
A. Cell Level Acquisition
In cell level acquisition, the detection performance is only evaluated in the correct cell and the false alarm probability is computed in a single incorrect cell which contains noise. The decision variable is compared with the detection threshold ( ) and a false alarm occurs when the decision variable or equivalently noise amplitude in one incorrect cell passes the threshold. Detection at the cell level takes place if the signal amplitude in the correct cell exceeds the detection threshold. It is important to note that this definition of detection does not consider the impact of incorrect cells on reducing the detection performance due to false alarms. The probability of false alarm ( fa P ) and detection probability ( d P ) can be calculated in the cell level but since the acquisition is a process over an uncertainty region including several cells and this level of acquisition does not consider the impact of the entire set of cells on the correct detection and false alarm, acquisition performance cannot be completely evaluated.
B. System Level Acquisition
System level acquisition considers the whole uncertainty region of search space and shows the overall performance of acquisition. Similar to the cell level, the overall false alarm probability ( FA P ), overall detection probability ( D P ) and furthermore the probability of missed detection ( MD P ) are defined in this case. Although cell and system level acquisition metrics are related, they are not the same. In other words, two acquisition systems may have the same cell level characteristics but different system level performance [4] .
The three main search strategies used in GNSS acquisition are serial, hybrid and maximum search where the last one has the best performance in terms of correct detection. In the maximum search strategy, correlator outputs or similarly the CAF is computed in all cells of the search space and the maximum one that passes the threshold represents the coarse estimate of code phase and Doppler frequency. In this work the maximum search is adopted as the search strategy. This is consistent with cold-start acquisition in an indoor environment, where every possible delay and Doppler must be searched. Overall false alarm probability can be defined differently with respect to presence or absence of the signal which are indicated as p FA P and a FA P respectively. In the absence of the signal, false alarm occurs if the noise amplitude at any cells of the search space exceeds the detection threshold. In the presence of a signal, in order to have a false alarm when using a maximum likelihood search strategy, the noise amplitude in an incorrect cell not only should pass the detection threshold but also should exceed the amplitude of the desired signal. According to the maximum likelihood search strategy, the maximum value of the correlator outputs from all possible cells above the detection threshold is selected as the correct cell. Hence, if the noise amplitude in any incorrect cell exceeds the detection threshold, it is considered to be a false alarm if its correlation power exceeds that of the correct cell. This means that when the signal is present, it is possible that noise amplitude passes the threshold but since it is still below the signal amplitude, it is not wrongly detected and a false alarm does not occur. However, a FA P is only a function of the detection threshold and noise power. Since in general there is no a priori information about presence or absence of the signal, this definition is the best criterion for the detection threshold setting in the receiver. If the signal is present, the real overall false alarm that the receiver experiences is a function of the detection threshold and D P which is related to SNR. Overall false alarm probabilities can be written as follows [5, 6] :
where M is the total number of cells in the uncertainty region of the search space, and D N and C N are total number of Doppler and code bins respectively. In many practical cases in order to guarantee that power loss in the CAF due to Doppler mismatch does not exceed 2 dB, the Doppler bin size is computed as 2 / 3
Furthermore, for binary phase shift keying (BPSK) modulation the code phase bin size is usually set to half chip spacing to avoid over 3 dB CAF power loss. As a result, one has 
C. Mean Acquisition Time (MAT)
Mean acquisition time (MAT) is an important metric showing the average required time to acquire a signal and depends on the detection probability, the probability of false alarm, the number of cells that need to be evaluated, the search strategy and the number of available correlators ( C ). [7, 8] have studied MAT in detail. Typically, MAT computation is based on Markov processes and uses probability generating functions and flow graph diagrams. For the maximum search strategy and assuming single-dwell scheme which has no verification mode, MAT can be written as [8] ( )
( , , , )
where p T is the penalty time resulting from false acquisition and is equal to wasted time in the unsuccessful tracking mode because of wrong acquisition. Practically, p T is considered as tracking transient time which is around 500 ms [8] . Also, s T is the total time required for evaluating the whole CAF and is a function ( f ) of number of cells, coherent integration time, number of non-coherent integrations and number of correlators.
III. DIVERSITY SYSTEM

A. Rayleigh fading channel
In a dense multipath environment where the received signal is a superposition of several reflected signal components with different phases and amplitudes, fading occurs. If there is no dominant line of sight component between transmitter and receiver the wireless channel can be modeled as a Rayleigh fading channel. In this case, the distribution of in-phase and quadrature components of the signal ( X ) is Gaussian with zero mean value. As a result, the signal can be considered as complex Gaussian zero mean. The amplitude of the signal plus noise ( A ) follows the Rayleigh distribution as (0, ) f y are the probability density function (PDF) of Y subject to H 1 and H 0 conditions respectively presented in (13) . The close form expression for (14) and (15) can be written as [10]
B. Equal gain combining
In a Rayleigh fading channel, antenna diversity provides independent samples that can aid the acquisition process. The reason is that in a multipath fading environment if antennas are separated by one wavelength (19 cm for GPS L1) the antennas experience approximately independent channels and consequently the signal fades differently at each branch. In other words, the signal can fade in one branch while it is not or less faded in the other one. Herein, spatial diversity using two antennas is utilized. After the despreading process, the output signals of the branches are combined using the equal gain combining (EGC) method. Since the noise powers in two branches could be different due to any difference in elements of the receivers including low-noise amplifier (LNA), mixer, amplifiers and an analog-to-digital converter (ADC) [19] , they have to be calibrated before combining. The decision variable after EGC becomes (20) Using (14) and (15) 
The overall detection probability using maximum search strategy can be expressed as [ 
IV. EXPERIMENTS AND RESULTS
This section provides the results obtained from theoretical, Monte Carlo simulations and a real GPS data analysis. One of the main metric of acquisition performance evaluation is the receiver operating characteristic (ROC) curve at both the cell and system level. In addition, the performance of a single branch is compared with EGC using the metric listed above. In the simulations and real data analysis p FA P is considered for the system level ROC curves. The results are based on 10 ms coherent integration, 1 K and without using any assistance data for the acquisition process. Therefore, considering GPS L1 C/A code length equal to 1023, Doppler values range between -5 KHz to 5 KHz and using (7) and (8) 
A. Theoretical and Simulation results
To further investigate the theoretical results, a Rayleigh fading channel is simulated in MATLAB ® assuming moving antennas with a speed of 20 cm/s. The results are based on Monte Carlo simulations where 12 dB SNR for both diversity channels. A search space with size of 308946 cells is generated for each branch after combining are shown in Fig. 1 . Antenna diversity using EGC has a smoother SNR compared to a single branch and this increases the detection probability. Fig. 2 shows the cell level ROC curves for the single branches and EGC resulting from the Monte Carlo simulations. Obviously, single branches (Branch 1 and 2) have similar performance since the average SNR value is similar in both branches. Also, individual branches have similarly poorer performance than those of the combined channels. Fig. 3 and Fig. 4 show the cell level and system level ROC curves obtained from theoretical results using (14) , (15) for the cell level, and (4), (23) for the system level, along with the simulated results assuming the two channels are uncorrelated. As shown in Fig. 3 ) which is considerably immune to false alarm and consequently not having a very high detection probability due to setting the threshold to a high value, 4 .5 G dB. According to Fig. 4 , for a target point of ( 0.1
), the overall diversity gain is about 4 dB. This improvement is remarkable especially from the coherent integration time perspective. In order to gain 4 dB additional gain, 2.5 times longer integration time is required. Fig. 5 highlights the difference between overall false alarm probability in the absence and presence of the signal for different SNR values. Overall false alarm probability decreases as the signal becomes stronger. More specifically, for lower level of detection threshold, which results to more false alarms, the signal power has a higher impact on reducing the overall false alarm probability.
Another advantage of EGC is that the maximum possible overall false alarm probability in the presence of the signal decreases. As can be seen from Fig. 4 , the maximum possible overall false alarm probability for a single branch and EGC are 0.57 and 0.27 respectively, which means the overall false alarm probability never exceeds 0.57 in a single branch and 0.27 in EGC. In fact, EGC provides around 30% higher protection against false alarms in the worst case scenarios which occur when the detection threshold is set below the noise amplitude. Although setting the detection threshold to a low value results in higher false alarms, it can also increase the detection probability. In other words, if detection of the signal is more important than accepting false alarms, a low detection threshold should be chosen which can lead to a maximum false alarm probability in the extreme case. Hence, EGC is more robust against false alarms than a single branch. 
B. Real data results
Data collection was performed in a concrete and glass building of the University of Calgary as shown in Fig. 8 . Due to destructive multipath effect significant GNSS signal fading is observed in such an environment. Using a 3-channel National Instruments (NI) RF front-end, a set of Intermediate Frequency (IF) GPS L1 signal samples in dynamic mode was collected for about five minutes. The sampling rate in the complex format was 5 MHz in the data collection set up. In addition to two antennas located indoors, one outdoor reference antenna was used to assess the validity of results. The two indoor antennas were separated by 40 cm as shown in Fig. 8 . The sky plot of available satellites is shown in Fig. 6 . Fig. 7 shows PSNR for PRN 10. PSNR values in Fig. 7 are estimated using the GSNRx-rr software receiver [17] , which uses data bits extracted from the reference antenna to increase the coherent integration time up to 200 ms in order to acquire the weak indoor signals. This aiding is just used for PSNR estimation to show the signal power variation due to fading and the rest of the analysis is performed based on 10 ms coherent integration.
According to the results, signal power dropped by up to 30 dB in deep fading situations. This simply means that when only one antenna is available, in order to compensate for 30 dB fading in the acquisition process, about 1000 times additional coherent integration is required. Hence, the necessity of exploiting antenna diversity is evident, unless the signal in both antennas is simultaneously deeply faded. The method to find false alarm and detection probabilities in cell and system levels using simulations and real data is described as follows: False alarm probability (cell level): An incorrect cell of the search space that does not contain desired signal and only has noise is selected. For a specific detection threshold value, the amplitude of the noise is compared with the threshold. Each time that the noise amplitude passes the threshold, false alarm occurs. By monitoring the incorrect cell for N times, the false alarm probability corresponding to the certain threshold is calculated with a resolution of 1/N. The false alarm probability as a function of detection threshold is obtained by successively setting the threshold to different values. Detection probability (cell level): The correct cell in the search space which has the best estimate of code and Doppler and contains the highest signal power is evaluated and the amplitude of the signal is compared with the detection threshold. Each time that the signal amplitude passes the threshold, correct detection occurs. Similar to the false alarm probability computation, the detection probability as a function of detection threshold can be obtained.
Overall false alarm probability (in the absence of the signal): Considering the entire search space, when the signal is not present, all the cells only contain noise. False alarm happens if the noise amplitude at any cell of the search space passes the detection threshold. In this case a false alarm can be generated in any cells of the search space while the cell level false alarm probability considers the contribution of a single cell.
Overall false alarm probability (in the presence of the signal): In this case, the presence of the signal affects the probability of false alarm. The search space includes a correct cell that contains the signal and other cells which consist of noise. The condition for false alarm occurrence is that the noise amplitude at any of the cells exceeds both the threshold and the signal amplitude. Therefore, the overall False alarm probability depends on the SNR and the detection threshold.
Overall detection probability: Signal detection is successfully performed in the correct cell if the signal amplitude passes the detection threshold and false alarm does not happen among the incorrect cells of the search space. The main difference between overall detection and cell level detection is that the former is affected by the false alarms occurring in the cells containing noise while the latter only deals with the correct cell. In other words, it is possible to have cell level detection (signal passes the threshold in the correct cell) but due to a false alarm the overall detection failed.
The ROC curves in cell and system levels for theory, simulation and real data are shown in Fig. 9 and Fig. 10 . The sample sizes in the Monte Carlo simulations and real data analysis are 5 10 and 4000, respectively. The Monte Carlo simulations and theoretical results match and are similar to the real data results. The main reason for the slight difference between real data and theoretical results is that the real data set sample size is not large enough for a high resolution statistical analysis. In the theoretical analysis it is assumed that the two branches are completely uncorrelated whereas this is not the case for the real data measurements. Moreover, the simulations and theoretical results are based on the assumption of a perfect Rayleigh fading channel. However, having a relatively strong signal component changes the channel characteristics from Rayleigh to Rician. Real data results show that the channel is near Rayleigh since the in-phase and quadrature components of the signal are very close but not exactly zero mean Gaussian. Hence, as shown in Fig. 10 , the slight higher performance of real data compared to the simulations and theoretical results is due to the presence of a dominant component that has a higher power than other components. In other words, the channel follows the Rician distribution albeit with the Rician close to zero A cold start acquisition process exploiting spatial antenna diversity in the multipath fading channel was investigated. Equal gain combining of signals in different branches is the most practical method in the acquisition stage. Compared to a single antenna, smoother SNR values which mitigate the fading effect were observed by applying the diversity combining. Significant improvements were obtained in the cell and system levels detection by equal gain combining utilizing two branches. This leads to a higher successful detection for a given false alarm probability or equivalently fewer false alarms for a specified detection probability. The performance of the diversity combining was evaluated in terms of the diversity gain in which more than 4 dB gain was achieved. The attained diversity gain significantly reduces the computational processing in terms of the integration time. Experimental results revealed that due to enhancement in the detection probability, the mean acquisition time can be significantly improved using antenna diversity. The theoretical results were verified using Monte Carlo simulations and were close to real data results. Overall false alarm probability Overall detection probability Theory Simulation Real Data
